Low-order multi-port arrays with reduced element spacing for digital beam-forming and direction-finding by CHUA PING TYNG
  
 
LOW-ORDER MULTI-PORT ARRAYS WITH REDUCED 




















LOW-ORDER MULTI-PORT ARRAYS WITH REDUCED ELEMENT SPACING 








CHUA PING TYNG 








A THESIS SUBMITTED 
FOR THE DEGREE OF MASTER OF ENGINEERING 
DEPARTMENT OF ELECTRICAL AND COMPUTER ENGINEERING 
NATIONAL UNIVERSITY OF SINGAPORE 
2004 
  i 
SUMMARY 
 
An array of three monopole elements with reduced element spacing of 20/λ  to 6/λ  
is considered for application in digital beam-forming and direction-finding.  The small 
element spacing introduces strong mutual coupling between the array elements, which 
affects the signal-to-noise-ratio performance of the array.  A decoupling network can 
compensate for the mutual coupling effects so that simultaneous matching can be 
achieved at all the ports.  This thesis discusses decoupling for arrays with three or 
more elements and describes the realization of decoupling networks using Kuroda’s 
identities.  Design equations for the decoupling network are presented.  Experimental 
results show close agreement with the theoretical predictions.  The decoupled 
prototype array has a bandwidth of 1% and a superdirective radiation pattern.  This 
narrowband and superdirective antenna may find application for frequency selectivity 
in digital beam-forming and direction-finding. 
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Arrays with reduced element spacing of 20/λ  to 6/λ  are applicable for digital 
beam-forming and direction-finding.  However, the small element spacing introduces 
strong mutual coupling between the array elements.  Mutual coupling effects are 
significant even for inter-element spacing of more than half a wavelength [1], and the 
effects are more severe when the spacing is reduced beyond that.  If mutual coupling 
is not properly accounted for, there is significant degradation of the signal-to-
interference-plus-noise ratio (SINR) [1, 2].  The decrease in the SINR reduces the 
detection range and increases the minimum detectable velocity of the target in space-
time adaptive processing [2].  The presence of mutual coupling decreases the 
eigenvalues of the covariance matrix of the signal, which controls the response time 
of an adaptive array [1].  It is therefore vital that mutual coupling be taken into 
consideration during the design of arrays with small element spacing. 
 
Various compensation techniques have been proposed.  In shaped beam antennas, 
modifying the excitation vector compensates for the mutual coupling effect [3].  In 
digital beam-forming antenna arrays, a matrix multiplication technique may be 
performed on the received signal vector to restore the signals at the isolated elements 
in the absence of coupling [4 – 7].  Determination of the coupling matrix can be 
achieved by the method of Fourier decomposition, method of least-squares solution or 
the method of moments [7]. 
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However, it has been shown in [8, 9] that signal-to-noise maximization can only be 
achieved if all mode admittances of the array are identical, which necessitates the use 
of a decoupling network.  Without a decoupling network, the mode admittances 
cannot be simultaneously matched to the optimum source admittance, and some 
modes will be badly noise-matched.  If these modes are needed for forming the 
desired radiation characteristic, the signal-to-noise-ratio (SNR) will be reduced 
substantially.  This effect cannot be compensated for by means of digital signal 
processing. 
 
It has been suggested that by connecting simple reactive elements between the input 
ports and antenna ports, the mutual coupling between the antenna elements can be 
completely removed [10].  However, this can only be implemented in cases where the 
off-diagonal elements of the admittance matrix are all purely imaginary.  For a 3-
element array, this can be achieved by adjusting the distances between the antenna 
elements [10], or by modifying the length of the antenna elements [8, 9]. 
 
In this thesis, a new way of decoupling the antenna elements is explored.  This 
approach does not require the mutual admittances of the antenna to be purely 
susceptive.  Instead, an array with any complex mutual admittance can be analytically 
decoupled with the help of a lossless network without having to modify the length of 
the antenna elements or the spacing between the elements.  The lossless decoupling 
network can then be realized using Kuroda’s identities, and implemented on 
microstrip and stripline. 
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1.2. Objectives of the project 
This project aims to develop design concepts for compact arrays with considerably 
reduced element spacing.  It investigates the different ways of achieving decoupling 
between the ports.  These include modification of the radiating part of the antenna and 
the inclusion of special decoupling networks in front of the element ports.  Procedures 
for the design and realization of the decoupling technique used are to be developed 
and verified with experimental results. 
 
1.3. Outline of the project 
The project involved the modelling of the array to extract the parameters of the 
antenna.  Different methods of achieving decoupling between the array ports were 
designed and investigated analytically.  The decoupling network was then realized 
and the array structure manufactured.  The theoretical performance of the decoupled 
array was verified with the experimental results. 
 
1.4. Organization of the thesis 
This thesis consists of seven chapters, including this introductory chapter.  Chapter 2 
provides the background on the applications of such an array for digital beam-forming 
and the theory of mutual coupling.  Chapter 3 describes the modelling of the array 
element using commercial simulation software.  Chapter 4 discusses the different 
methods of achieving decoupling between the array ports and provides analytical 
solutions for arrays with not more than six elements.  Chapter 5 illustrates the 
realization of the decoupling and matching networks.  Chapter 6 covers the 
construction procedures and specifications of the array structure and presents a 
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discussion on the experimental and theoretical results obtained.  Chapter 7 gives some 
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This chapter provides the theoretical background to the project.  It describes smart 
antennas and digital beam-forming and its applications.  It also describes the theory of 
mutual coupling for a linear array and a circular array. 
 
2.2. Smart antennas and digital beam forming 
With the increasing demand for wireless services, telecommunications has evolved 
from the traditional wired phone to personal communication services (PCS).  This 
brings about an increase in the type of wireless services provided, such as fixed, 
mobile, outdoor and indoor, and satellite communications.  As PCS provides 
pervasive communication services, it will require much higher levels of system 
capacity than the current mobile systems. 
 
The capacity of a communications system can be increased directly by enlarging the 
bandwidth of the existing communications channels or by allocating new frequencies 
to the service.  However, since the electromagnetic spectrum is limited and becoming 
congested with a proliferation of unintentional and intentional sources of interference, 
it may not be feasible to increase system capacity by opening new spectrum space for 
wireless communications applications.  Instead, efficient use of the existing frequency 
resources is critical. 
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There are currently many existing multiple access techniques that serve to maximize 
the capacity of the existing frequency resources.  These include frequency-division 
multiple access (FDMA), time-division multiple access (TDMA), code-division 
multiple access (CDMA) and space-division multiple access (SDMA).  In FDMA, the 
frequency spectrum is divided into segments that are shared among different users.  In 
TDMA, each user is given access to the whole frequency spectrum for an allocated 
period of time.  In CDMA, each transmitted signal is modulated with a unique code 
that identifies each user, and each user has access to the entire frequency spectrum.  In 
SDMA, the geographical coverage area is divided into a large number of cells.  The 
same frequency can be reused in different cells that are separated by a spatial distance 
to reduce the level of co-channel interference.  However, for a given amount of base-
station transmission power, there is a limit on the number of cells that can be served 
in a particular geographical area, and hence a limit on the capacity that the base-
station can support.  Therefore, to further increase the capacity, advanced forms of 
SDMA are needed. 
 
The advanced forms of SDMA call for the use of smart antennas, or more commonly 
known as adaptive antennas.  These antennas are capable of beam-forming.  For 
example, 120° sectorial beams at different carrier frequencies can be used within a 
cell and each sectorial beam can be used to serve the same number of users as are 
served in the case of ordinary cells [11], as illustrated in Figure 2.1.  This technique 
triples the capacity of the cell.  The ultimate form of SDMA is to use independently 
steered high-gain beams at the same carrier frequency to provide service to an 
individual user within a cell [11], as shown in Figure 2.2. 
 








Figure 2.2 Independently steered beams at same frequency to each user [11]. 
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With advancement in computing power, more flexibility and control can be achieved 
from smart antennas by employing digital beam-forming (DBF) techniques.  A DBF 
antenna can be considered as the ultimate antenna, since it has the ability to capture 
all the information incident on the antenna and apply appropriate signal processing to 
make the information useful to the observer.  DBF is a marriage between antenna 
technology and digital technology.  Figure 2.3 shows a generic DBF antenna system.  
It consists of three major components, namely the antenna array, the digital 
transceivers, and the digital signal processor [11].  DBF is a system in which the RF 
signal received by the antenna array is digitized and processed digitally.  The 
radiation patterns of the antenna can be controlled by digital signal processing 
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2.3. Theory of mutual coupling 
2.3.1. Mutual impedance between two linear elements 
When two antennas are in close proximity of each other, there is an interchange of 
energy between them.  This interchange of energy constitutes mutual coupling 
between the antenna elements.  The presence of a nearby element alters the current 
distribution, radiated field and input impedance of an antenna.  Therefore, the 
performance of the antenna depends not only on its own current but also on the 
current of neighbouring elements. 
 
For an antenna element, there are two types of impedance associated with it.  The first 
type is the driving-point impedance.  This depends on the self-impedance, that is, the 
input impedance in the absence of other elements.  The second type is the mutual 
impedance between the driven element and other elements.  Consider a two-element 
antenna system as shown in Figure 2.4.   
 
 
Element 1 Element 2  
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The two-element system is equivalent to a two-port network.  The voltage-current 
relations can be written as: 







 ,  (2.1) 
where 
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11Z  and 22Z  are the self-impedances of antenna elements 1 and 2 respectively; 12Z  
and 21Z  are the mutual impedances.  From (2.1), 

























 ,  (2.3) 
where dZ1  and dZ2  represent driving-point impedances of antenna elements 1 and 2 
respectively. 
 
When attempting to match any antenna, it is the driving-point impedance that must be 
matched.  Since mutual impedance affects the driving-point impedance, it plays an 
important role in the performance of the array. 
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2.3.2. Mutual coupling in a circular array 
Consider a circular array of M-elements as shown in Figure 2.5.  The mutual 
impedance and mutual admittance between the elements i and j are ijZ  and ijY  
respectively.  For an array with M-elements, 












Figure 2.5 A circular array of M-elements. 
 
The Y-matrix characterizes the mutual admittances or mutual coupling between the 
array elements.  By applying reciprocity and symmetry, the Y-matrix can be 
simplified.  From reciprocity, 
     jiij YY = .    (2.5) 
From symmetry,  
   MYY 112= , )1(113 −= MYY ,  …   )2( +−= jMiij YY .  (2.6) 
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2.4. Conclusion 
The theoretical background on smart antennas, digital beam-forming and its 
applications are described in this chapter.  Also the mutual coupling properties 
between elements of a linear array and a circular array is discussed. 
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CHAPTER 3 
MODELLING OF AN ARRAY ELEMENT 
 
3.1. Introduction 
This chapter presents the modelling of an array element using commercial software 
such as IE3D by Zeland Inc. and HFSS by Hewlett-Packard.  The array element is a 
quarter-wavelength monopole with finite thickness.  The modelling is extended to 
encompass an array of three elements. 
 
3.2. Antenna elements 
The array element used in this project is a quarter-wavelength monopole of finite 
thickness.  Monopole antennas are the most commonly used antennas in mobile 
communications and they have the simplest structure [11].  The monopole is usually 
mounted vertically above a ground plane.  If the ground plane were a perfect 
conductor and infinite in size, the radiation pattern and bandwidth characteristics of 
the monopole would be the same as those of a dipole antenna, due to the image effect 
[20].  An advantage that a monopole has over a dipole is that the directivity of the 
monopole is 3 dB higher than that of the dipole, since the radiation power is radiated 
only to the upper half space of the ground plane.  It is reported in [11] that an antenna 
with a larger diameter supports more broadband operations, and that monopole 
elements used in a circular array result in an array pattern that is not stable as 
frequency changes, that is, the array has a narrow bandwidth. 
 
For this project, an array of three monopoles is considered.  Figure 3.1 shows the 3-
element array, where each monopole element has a height that is quarter of a 
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wavelength, and the inter-element spacing is a tenth of a wavelength.  This is very 
small compared to the conventional half-wavelength element spacing.  Table 3.1 












Figure 3.1 A 3-element array. 
 
 
Table 3.1 Parameters of the 3-element array. 
Operational frequency, 0f  2.45 GHz 
Wavelength, 0λ  0fc  = 122.4 mm 
Height of monopole, L 4/0λ  = 30.6 mm 
Diameter of monopole, d 40/0λ  = 3.06 mm 
Array element spacing, a 10/0λ  = 12.24 mm 
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3.3. IE3D modelling 
3.3.1. About IE3D software 
IE3D is an integrated full-wave electromagnetic simulation and optimization package 
for the analysis and design of 3-dimensional antennas and high frequency printed 
circuits [21].  IE3D has been adopted as an industrial standard in planar and 3D 
electromagnetic simulation.  The primary formulation of IE3D is an integral equation 
obtained through the use of Green’s functions.  Both the electric current on a metallic 
structure and the magnetic current representing the field distribution on a metallic 
aperture are modelled [21]. 
 
3.3.2. Construction of a monopole in IE3D 
There are many different ways to build a monopole structure in IE3D.  The geometry 
construction is carried out in the MGRID application window in IE3D.  One way of 
building a monopole is to use a wire path.  The coordinates of the centres of the top 
and bottom surfaces of the monopole have to be entered, and a 3D wire path with a 
specified radius will be constructed between the entered points. 
 
Another way of constructing a monopole is the edge via method.  In this method, a 
circle is first drawn for the top surface of the monopole.  The vertices of the circle are 
then selected and via edges are added to them. 
 
A third method is the connect path method.  Circles are first drawn for both the top 
and bottom surfaces of the monopole.  These circles lie on different layers, separated 
by the height of the monopole.  The vertices of both the circles are selected and a 
connecting path is built between the two layers. 
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It should be noted that in the wire path method, there is no metallic surfaces at the top 
or bottom of the monopole.  Metal only covers the cylindrical surface of the 
monopole.  For the latter two methods, there is at least a metallic surface at either or 
both ends of the monopole.  It was observed that the simulation results given by each 
of the three methods are in close agreement.  Hence, any of the three ways of 
constructing the monopole can be used.  To model the physical monopole as closely 
as possible and to simplify the geometry of the model, the edge via method is adopted 
for the project.  This produces a monopole with a metallic surface at the top and is 
much simpler to build in MGRID. 
 
3.3.3. IE3D simulation settings 
There are a few important parameters to take note for simulations in IE3D.  They are: 
 Meshing Frequency – This is the highest application frequency.  For the 
project, it is recommended to set the meshing frequency to 3 GHz, which is 
the upper limit of the operating frequency band.  The centre operating 
frequency is 2.45 GHz. 
 Cells Per Wavelength – This specifies the number of cells per wavelength, and 
is a measure of the finest of a mesh.  For the project, this is set to 20. 
 Meshing Optimization – This option has to be enabled to optimize the meshing 
done to the structure. 
 Automatic Edge Cells (AEC) – This is a feature to add small cells along edges 
for guaranteed simulation accuracy.  It has to be within 10% to 15% of a cell 
size.  The cell size can be obtained from the meshing properties. 
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 Ground plane – The ground is modelled as a perfect conductor with 
conductivity of 1e+15 S/m. 
 Vertical Localized Port – This is the type of port defined to excite the 
monopole.  The height of the port has to be less than 5% of the guided 
wavelength.  It should be noted that the height of the monopole is inclusive of 
the height of the port. 
 
3.3.4. Radiation patterns from IE3D 
The radiation patterns of the 3-element array are shown below.  Figures 3.2 to 3.4 
show the radiation pattern on the horizontal plane for cases where only one port is 
excited.  Figure 3.5 shows the radiation pattern on the vertical plane.  These radiation 
patterns are the characteristics of the array alone, without any external networks.  It is 





Figure 3.2 Azimuth radiation pattern of array with port 1 excited. 
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Figure 3.3 Azimuth radiation pattern of array with port 2 excited. 
 
 
Figure 3.4 Azimuth radiation pattern of array with port 3 excited. 
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Figure 3.5 Elevation radiation pattern of array with any one port excited. 
 
3.3.5. Troubleshooting for IE3D modelling 
Generally, the modelling in IE3D is relatively easy to learn.  However, there are a few 
pitfalls that one should take note of.  For example, to construct an array from a single 
monopole in MGRID, if the Copy-and-Reflect command from the Edit menu were 
executed, it would give incorrect element spacing, because the command measures 
the distance to the edge of the monopole and not to its centre.  Instead, the Copy-at-
an-angle command from the Edit menu should be used.  This command allows the 
angle and distance of the copied object to be specified.  It allows the object as well as 
the defined ports to be copied. 
 
Another point to note is the definition of the ground plane.  By default, the ground 
plane is defined as having finite conductivity.  If this were used in simulations, the 
radiation patterns in the direction of maximum radiation would show a slight tilt 
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upwards from the horizontal plane, as shown in Figure 3.6.  To get ideal radiation 
patterns, the ground has to be defined as a perfect ground with a high conductivity 
such as 1e+15 S/m. 
 
 
Ground with infinite conductivity Ground with finite conductivity  
 
Figure 3.6 Radiation patterns over grounds with finite and infinite conductivity. 
 
3.4. HFSS modelling 
3.4.1. About HFSS software 
HFSS software is a complete solution for drawing passive, 3D structures, simulating 
designs, and displaying simulation data [22].  The simulation technique used to 
calculate the full 3D electromagnetic field inside a structure is based on the finite 
element method.  The finite element method divides the problem space into numerous 
smaller regions (tetrahedrons) and represents the field in each sub-region with a local 
function [22]. 
 
3.4.2. Construction of monopole in HFSS 
The construction of structures in HFSS is slightly different from that in IE3D.  In 
HFSS, all structures have mass, that is, each object is a solid.  There is a rule that 
there should not be any overlapping objects.  Furthermore, HFSS requires the user to 
define an air space that contains all objects built.  This makes it more difficult to 
construct the geometry.  For example, for a simple monopole, a cylindrical solid 
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represents the monopole.  A rectangular cube enclosing the monopole serves as the air 
space.   It should be noted that this air box is overlapping with the monopole.  Hence, 
the ultimate air space is the resulting structure from the subtraction of the cube and 
the cylinder. 
 
In HFSS, all surfaces of a structure have to be defined.  For the monopole, the 
surfaces are defined as perfect conductors.  The air space has perfectly absorbing 
boundary conditions at the boundaries of the air box. 
 
3.4.3. HFSS simulation settings 
Mesh refinement is enabled for more accurate results.  Mesh refinement increases the 
amount of meshing applied to the structure.  The targeted error (global delta error) is 
set small, while a sufficient number of iterations are set for the simulation results to 
converge.  The simulation will be halted once either the delta error criteria or 
maximum number of iterations is reached.  Therefore, care has to be taken in setting 
these two parameters such that a balance is reached that gives results with minimum 
error. 
 
HFSS allows the choice of using either a fast frequency sweep (FFS) or discrete 
frequency (DF) simulation.  In a FFS simulation, a fast and highly accurate method of 
fitting data points to a rational model is used.  A minimum number of frequency 
samples are considered and the FFS algorithm is applied.  More data points are taken 
when there is a large variation in the sample data.  The process stops when FFS finds 
that the data has converged.  For DF simulations, the scattering parameters (S-
parameters) of the structure are computed at discrete frequency points.  No 
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interpolation procedure is performed.  Convergence is obtained by comparing data at 
each discrete frequency point.  Hence this method is more accurate.  However, DF 
simulations take longer computational time.  In this project, the DF simulation 
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Table 3.2 HFSS simulation setup parameters. 
MAIN SETUP   
Mesh Setup   
Enable Mesh Refinement Yes 
Starting Mesh Initial 
Save Modal Solutions Dominant 
Save Field Solutions Last 
Fast Frequency Sweep No 
Additional Discrete Freq (GHz) 1.9 GHz; 3.0 GHz; 51 points 
REFINEMENT OPTIONS   
Refinement Criteria   
Global delta S-parameter Yes Delta error: 0.001 
Matrix delta S-parameter No 
Consecutive Iterations of Delta Error required: 3 
Limit Refinement Passes Limit # of additional refinement passes to:  12
Mesh Frequency Override    
Refine at specified freq Yes Mesh freq (GHz):  2.45 
DISCRETE FREQ   
1.9 GHz; 3.0 GHz; 51 points     
ADVANCED OPTIONS   
Mesh Seeding (Default) Used 
Max divisions per edge (1-16) 4 4 
Max divisions per loop (10-160) 40 40 
Nodes per wavelength (0-20) 2 2 
Max added nodes (0-300%) 60 60 
Aggressive Mesh Refinement Yes Yes 
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3.4.4. Troubleshooting for HFSS modelling 
Error messages may report that the mesher has failed or that an element cannot be 
defined.  These are mainly due to the presence of overlapping 3D objects or undefined 
boundary conditions.  Care should be taken in construction of complex geometries, 
which may have many overlapping objects and numerous surfaces.  If the problem is 
with the non-convergence of the results obtained, the mesh should be refined, with 
more nodes per wavelength, or one could simply increase the number of iterations 
such that they are sufficient to yield converged results. 
 
3.5. Conclusion 
This chapter has described the modelling of a monopole and its array of three 
elements in commercial software such as IE3D by Zeland Inc. and HFSS by Hewlett-
Packard.  It was found that both IE3D and HFSS give similar results.  Hence, the 
modelling of the monopole can be done in either software.  The pitfalls that were 
encountered have also been highlighted.  The troubleshooting sections discuss the 
limitations of the software and points out how some simulation results may be invalid.  
General guidelines given in the users manual do not address these issues explicitly. 
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CHAPTER 4 
DECOUPLING OF ARRAY 
 
4.1. Introduction 
This chapter describes two designs to decouple a 3-element array.  One of the designs 
decouples the array by modifying the length of each array element.  The other design 
is a generalized design that can be applied to any 3-element array with complex 
mutual admittances.  It also discusses the different analysis techniques that are applied 
to decouple an array:  an eigenmode expansion approach and a network analysis 
method.  Analytical solutions verify both analysis methods.  Arrays with three to six 
elements can be decoupled theoretically.  For arrays with more than six elements, 
more computational resources may be required, which was not available during 
execution of this project.  To illustrate the process of designing a decoupled array, 
only the 3-element array is considered. 
 
4.2. The need for a decoupled array 
For a M-element array, there exist M mutually orthogonal eigenmodes.  The mode 
admittance associated with eigenmode m is given by mmm jBGY += , where mG  and 
mB  are respectively the conductance and susceptance of mode m.  By means of 
eigenmode representation, the array of three mutually coupled elements can be 
replaced with a set of three equivalent antennas [8, 9].  In the receive mode, each of 
the three equivalent antennas can be modelled by means of a current source with 
source impedance equal to the corresponding mode admittance mY  and current source 
mi , as illustrated in Figure 4.1.  The receiver channel with input admittance recin,Y  is 
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connected to the antenna.  A noise voltage and a noise current source, as shown in 















Figure 4.1 Equivalent circuit for mth eigenmode of array in receive mode. 
 
The array considered has inter-element spacing that is a tenth of a wavelength.  This 
small element spacing results in strong mutual coupling between the array elements.  
The performance of the array, in terms of power matching and signal-to-noise-ratio 
(SNR), is affected by the mutual coupling between the array elements. 
 
The power contribution from mode m is maximized if the condition recin,YYm =
∗  is 
met.  In an ideal case with no mutual coupling between the array elements, all the 
mode admittances are equal to each other.  Simple two-port matching networks 
between the antenna ports and receiver channels can transform the mode admittances 
to meet the condition for maximum power transfer.  However, in the presence of 
mutual coupling, the mode admittances are not identical and simultaneous matching 
for all modes cannot be achieved via two-port matching networks.  If one particular 
mode is selected for power matching, the other modes will be mismatched.  Mismatch 
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of a mode results in a decrease in transducer power gain for that mode relative to the 
case of power matching. 
 
The effective receiver noise temperature effT  is a function of the source admittance 
mY , as observed from Figure 4.1.  The minimum receiver noise temperature mineff,T  is 
achieved when the source admittance equals an optimum value optoptopt jBGY += .  










+= ,   (4.1) 
where eqR  and 0T  are the equivalent noise resistance and the room temperature, 
respectively. 
 
For an array with incident signal given by ( )ΦΘ,incE , the SNR is given by [8, 9] 







































  ,  (4.2) 
where ( )ΦΘ,C  is a vector function that defines the mode radiation patterns, and mw~  
is a set of effective weights for adjustments to form the desired radiation pattern. 
 
From (4.2), it is clear that the maximum SNR is achieved when all mode admittances 
are noise-matched: optYYm =  for Mm K,2,1= .  In the presence of mutual coupling 
between the array elements, noise matching for a selected mode can only be achieved 
at the cost of noise-mismatch for the remaining modes.  In addition, the SNR becomes 
a function of the effective weights and also a function of the desired radiation pattern. 
  29  
 
It has been shown in [8, 9] that signal-to-noise maximization can only be achieved if 
all mode admittances of the array are identical and matched to the optimum 
admittance.  This necessitates the use of a decoupling network.  It has been suggested 
that by connecting simple reactive elements between the input ports and antenna 
ports, the mutual coupling between the antenna elements can be completely removed 
[10].  However, this can only be implemented in cases where the off-diagonal 
elements of the admittance matrix are all purely imaginary.  In the design of a 
decoupled array, eigenmode and network analyses can be applied. 
 
4.3. Theory of eigenmode analysis 
For an array with M-elements, there exist M mutually orthogonal radiation patterns 
(MORP) [8, 9].  Each MORP is associated with a distinct eigenmode.  In the 
eigenmode analysis, for a given admittance matrix Y, the eigenvalues and 
eigenvectors of Y are evaluated. 
 
For a three-element array, from equations (2.4) and (2.7), 












































.   (4.3) 
 
Equation (4.3) forms a linear matrix system.  If Y  has orthogonal eigenvectors Ax , 
Bx  and Cx , then V  can be written as a linear combination of the eigenvectors of Y : 
    CBA xxxV CBA vvv ++=  ,  (4.4) 
where Av , Bv  and Cv  are constants representing the mode-voltages. 
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If Y  has eigenvalues AY , BY  and CY , then 
    CBA xxxYVI CCBBAA YvYvYv ++==  , (4.5) 
where the eigenvalues AY , BY  and CY  represent the mode-admittances. 
 
Due to symmetry, the admittance matrix of a three-element array is given by 
















Y .    (4.6) 
 
The eigenvalues (mode-admittances) are: 









.    (4.7) 
 
















































Cx . (4.8) 
 
Therefore, 























































.  (4.9) 
 
From equation (4.7), it is clear that the mode-admittances of modes A, B and C cannot 
be simultaneously matched because of the mutual admittance 12Y .  If the mutual 
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coupling is absent or compensated, we would have 11
~YYYY CBA === , which is the 
equal to the self-admittance of the antenna element after decoupling.  Simultaneously 
matching of all the modes can then be achieved. 
 
4.4. A design for decoupling an array by modifying element length 
As reported in [10], decoupling of an array can only be implemented in cases where 
the off-diagonal elements of the admittance matrix are all purely imaginary.  This can 
be achieved by modifying the length of the antenna elements [8, 9]. 
 
From equation (4.7), 
( )BA YYY −= 3
1
12 .    (4.10) 
 







 .     (4.11) 
 
If mutual admittance 12Y  of the array is purely imaginary, then 
1212 jBY = .     (4.12) 
 




12 =−= BA GGG .    (4.13) 
Thus 
BA GG = .     (4.14) 
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Equation (4.14) gives the condition necessary for the mutual admittance of the array 
to be purely susceptive.  That is, when the conductance of eigenmodes A and B are 
equal to each other, the array has a purely susceptive mutual admittance to allow the 
array to be decoupled. 
 
As the mode admittances are frequency-dependent quantities, the mode conductance 
and susceptance can be plotted against frequency.  From the conductance graph, there 
are points of intersection, which fulfil the condition given by (4.14).  At these points, 
the mutual admittance of the array is purely susceptive.  From the normalized 
frequencies representing these points, new lengths for the array element can be 
obtained.  The resulting array with the modified element length will have a purely 
















Y .    (4.15) 
 
The network required to decouple an array with admittance properties given in (4.15) 
is simply a connection of a lossless element with admittance 12jB  between each array 


















Figure 4.2 Decoupling network for array with modified element length. 
 























Y .   (4.16) 
 
For the decoupled array, its admittance matrix is given by 
11DN
~~ YUYYY =+=  ,    (4.17) 
where U  is the 33×  unity matrix and AYBjYY =+= 121111 2
~ .  This shows that input 
admittance looking into each array port is 11
~Y , and simultaneous matching can be 
achieved at all ports. 
 
In summary, the design procedure to decouple an array by modifying the length of its 
elements is as follows: 
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1. Obtain the admittance parameters of the original array over a range of 
frequencies. 
2. Plot the mode admittances over a range of frequencies. 
3. Find points of intersection where BA GG = . 
4. Obtain the new length of the array element from the chosen intersection point. 
5. Obtain the admittance parameters of the array with the new element length. 
6. Compute the value of the lossless decoupling element. 
7. Obtain the admittance parameters of the decoupled array to verify that 
decoupling has been achieved, that is, 0~ =ijY . 
 
4.4.1. Example A1 
This example serves to illustrate the process of decoupling an array by modifying the 
length of the array element.  The parameters of the array are given in Table 4.1. 
 
Table 4.1 Parameters of the array for example A1. 
Operational frequency, 0f  2.45 GHz 
Wavelength, 0λ  0fc  = 122.4 mm 
Length of monopole, 0l  4/0λ  = 30.6 mm 
Diameter of monopole, d 40/0λ  = 3.06 mm 
Array element spacing, a 10/0λ  = 12.24 mm 
 
The array is modelled in IE3D simulations over a range of frequencies.  Figures 4.3 to 
4.5 show the radiation patterns at the operational frequency for eigenmodes A, B and 
C respectively.  The port excitations are given by the eigenvectors of array. 
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Figure 4.3 Radiation pattern of eigenmode A. 
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Figure 4.5 Radiation pattern of eigenmode C. 
 
As the mode admittances are frequency-dependent quantities, they can be plotted over 
a range of frequencies, as shown in Figure 4.6.  From the figure, it is observed that 
there are two points F1 and F2 where BA GG = .  Considering point F1, it occurs at the 
normalized frequency of 0.9994.  (See Figure 4.7.)  This implies that the new length 
of the array element is 0.06% shorter than its original length.  This gives a new 
element length of 30.582 mm. 
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Figure 4.6 Plot of mode admittances over a range of frequencies (Example A1). 

















Figure 4.7 Point of intersection, F1 (Example A1). 
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The array with modified element length is again modelled in IE3D.  Its admittance 













.  (4.18) 
 
From (4.18), it can be seen that the new array has a mutual admittance that is purely 




=B .  The decoupling element is 
therefore a simple capacitor.  To solve for the capacitance at 2.45 GHz, 
pF971.01212 == ω
BC .    (4.19) 
 
The array with its decoupling network is as shown in Figure 4.8.  The self and mutual 









.   (4.20) 
 
From (4.20), the array has been decoupled, giving a mutual admittance of zero.  The 
input admittance at each port of the decoupled array is given by iiY
~ .  This admittance 
can easily be matched to any desired port impedance.  The radiation pattern of the 



















Figure 4.9 Radiation pattern of a decoupled array. 
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4.4.2. Example A2 
In this second example, decoupling of the array requires increasing the length of the 
array element.  Table 4.2 summarizes the parameters of the original array.  In this 
example, the array elements have thicker diameters. 
 
Table 4.2 Parameters of the array for example A2. 
Operational frequency, 0f  2.45 GHz 
Wavelength, 0λ  0fc  = 122.4 mm 
Length of monopole, 0l  4/0λ  = 30.6 mm 
Diameter of monopole, d 20/0λ  = 6.12 mm 
Array element spacing, a 10/0λ  = 12.24 mm 
 
Figure 4.10 shows a plot of the mode admittances over a range of frequencies.  There 
are two points of intersection F1 and F2, where the conductance of eigenmodes A and 
B are equal.  A closer look at point F1 (Figure 4.11) reveals a normalized frequency 
of 1.0324.  This implies that the new length of the array element is 3.24% longer than 
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Figure 4.10 Plot of mode admittances over a range of frequencies (Example A2). 














Figure 4.11 Point of intersection, F1 (Example A2). 
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Simulations of the array with modified element length are run in IE3D.  Its admittance 













.  (4.21) 
 














 .   (4.22) 
 









.    (4.23) 
 
4.5. A generalized design for the decoupling network of an array 
In the previous design method [8, 9], decoupling is done on an array with a susceptive 
mutual admittance.  The length of each array element is modified to give a new array 
with purely susceptive mutual admittance.  This design method is cumbersome 
because it involves some iteration to obtain the desired element length.  Accuracy of 
the theoretical analysis technique is vital, since any deviations are likely to result in 
the manufactured array not having purely susceptive mutual admittances. 
 
In the generalized design, decoupling does not necessary have to be carried out on an 
array with purely susceptive mutual admittance.  Instead, an array with any complex 
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mutual admittance can be analytically decoupled with the help of a lossless network, 
without having to modify the length of the array elements or their element spacing. 
 
The proposed lossless decoupling network for a 3-element array is as shown in Figure 
4.12.  The decoupling network consists of a series section with components 1jX  and a 
parallel section with components 2jB .  Two analysis approaches can be used to 
compute the components of the decoupling network.  The first approach is the 
















Figure 4.12 A generalized decoupling network for a 3-element array. 
 
4.5.1. Eigenmode analysis 
In the eigenmode analysis, the admittance matrix of the array and its eigenvalues are 
evaluated as described in equations (4.6) and (4.7).  The equivalent circuit for the 
different eigenmodes [9] are shown in Figure 4.13.  For each eigenmode, the 
equivalent circuit consist of a series component and a parallel component.  The series 
component is simply jX1.  The parallel component can be derived using simple two-
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port network theory and equation (4.7).  From two-port network theory, the 
admittance matrix of the parallel section of the decoupling network, as shown in 























Y .   (4.24) 
 
From (4.7), since 02 DNparallel12
DNparallel
11 =+ YY , there is no parallel component in the 


















Figure 4.13 Equivalent circuits for different eigenmodes of a 3-element array. 
 
From Figure 4.13, the equivalent modal admittances are 













Ain  ,   (4.25) 













.  (4.26) 
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In this eigenmode analysis, the decoupling network decouples the ports of the array 
by matching all the mode admittances.  From (4.25) and (4.26), 1X  and 2B  can be 
obtained by solving the following set of nonlinear simultaneous equations: 
    
[ ] [ ]










 .   (4.27) 
 
Analytical solutions for 1X  and 2B  are obtained in terms of the admittance 
parameters, 11Y  and 12Y , of the array, using Mathematica [23].  Appendix A contains 
the program code based on the eigenmode analysis for decoupling an array with an 
arbitrary admittance matrix.  The program uses the decoupling network as shown in 
Figure 4.12 and evaluates equation (4.27) to find the solutions.  By substituting 
numerical values for the admittance parameters of the array, the values of 1X  and 2B  
can be obtained. 
 
4.5.2. Network analysis 
The following impedance and admittance matrices describe the series and parallel 
sections of the decoupling network (shown in Figure 4.12) respectively: 
 



















DNseriesZ  ,   (4.28) 






















DNparallelY .   (4.29) 
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The admittance matrix of the decoupled array can be written as: 
   ( ) DNparallelDNseriesarrayDin YZYY ++= −− 11 .  (4.30) 
 
For decoupling to be achieved, the mutual admittance of the decoupled system, DY12 , 
should be zero.  Solutions for 1X  and 2B  are obtained by solving the following set of 
nonlinear simultaneous equations: 












.    (4.31) 
 
Analytical solutions for 1X  and 2B  are obtained.  Appendix B contains the program 
code based on the network analysis for decoupling an array with an arbitrary 
admittance matrix.  The program uses the decoupling network as shown in Figure 
4.12 and evaluates equation (4.31) to find the solutions.  By substituting numerical 
values for the admittance parameters of the array, the values of 1X  and 2B  can be 
obtained. 
 
It has been verified that solutions thus obtained are consistent with those obtained 
from the eigenmode analysis.  Appendix C contains a program code written in 
Mathematica.  The code verifies that both the eigenmode and network analyses give 
the same decoupling network by subtracting the two different solutions and obtaining 
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4.5.3. Matching network 
The decoupled antenna array can easily be matched to any desired impedance, since 
the impedances looking into each port of the array are now identical.  A L-network 
topology, consisting of a shunt and series component, is used for the matching 












Figure 4.14 A matching network section for a decoupled array. 
 
From Figure 4.14, 
    ( ) MinD ZjXjBY =++ − 312011 .   (4.32) 
where DY11  is the admittance at each decoupled port and 
M
inZ  is the impedance at each 
matched port.  If DY11  and 
M
inZ  are known, analytic solutions for 20B  and 3X  can be 
found. 
 
In general, for matching to, for example, a 50 Ω system, the values for the 
components 20B  and 3X  in the matching network can be obtained by solving the 
following set of simultaneous equations: 












.    (4.33) 
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4.5.4. Example B1 
This example serves to illustrate the generalized design method for decoupling a 3-
element array.  Either the eigenmode or network analysis can be applied to solve for 
the values of the decoupling network.  Table 4.3 gives the parameters of the array 
used in this example.  This array is identical to the one used in Example A2. 
 
Table 4.3 Parameters of the array for example B1. 
Operational frequency, 0f  2.45 GHz 
Wavelength, 0λ  0fc  = 122.4 mm 
Length of monopole, 0l  4/0λ  = 30.6 mm 
Diameter of monopole, d 20/0λ  = 6.12 mm 
Array element spacing, a 10/0λ  = 12.24 mm 
 
By running simulations in IE3D, the admittance parameters of the array can be 
obtained.  Table 4.4 shows the admittance parameters of the original and decoupled 
array.  Values of the components for the decoupling network are obtained by solving 
either (4.27) or (4.31).  Each decoupling and matching network contains only lossless 
components such as inductors or capacitors.  For an array, there exists two possible 
decoupling network configurations, and for each decoupling network, there exists two 
possible matching network configurations.  Table 4.5 summarizes the possible 
decoupling and matching network configurations.  Figure 4.15 illustrates the array 
with its decoupling and matching network. 
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Table 4.4 Admittance parameters of the array (Example B1). 
Original array Decoupled array 
°−∠= 8.770406.011Y  °∠= 8.600709.0
~
11Y  
°∠= 2.920203.012Y  0
~
12 =Y  
 
Table 4.5 Decoupling and matching network configurations (Example B1). 
Decoupling network Matching network  
Case No. Series Parallel Shunt Series 
C = 0.570 pF L = 4.41 nH 
(a) L = 0.164 nH C = 1.149 pF 
L = 6.29 nH C = 0.957 pF 
C = 0.445 pF L = 4.85 nH 
B1 
 
(b) C = 1.788 pF L = 4.164 nH 


















(series and parallel components)
Matching network
(shunt and series components)
 
Figure 4.15 A 3-element array with its decoupling and matching network. 
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4.5.5. Example B2 
Table 4.6 gives the parameters of the array used in Example B2.  The array has a 
thinner diameter and a smaller inter-element spacing, as compared to Example B1. 
 
Table 4.6 Parameters of the array for Example B2. 
Operational frequency, 0f  2.45 GHz 
Wavelength, 0λ  0fc  = 122.4 mm 
Length of monopole, 0l  4/0λ  = 30.6 mm 
Diameter of monopole, d 40/0λ  = 3.06 mm 
Array element spacing, a 20/0λ  = 6.12 mm 
 
Similarly, Table 4.7 shows the admittance parameters of the original and decoupled 
array.  Table 4.8 summarizes the possible decoupling and matching network 
configurations.  Figure 4.15 gives the topology of the network. 
 
Table 4.7 Admittance parameters of the array (Example B2). 
Original array Decoupled array 
°−∠= 6.840821.011Y  °−∠= 4.700628.0
~
11Y  
°∠= 2.910401.012Y  0
~
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Table 4.8 Decoupling and matching network configurations (Example B2). 
Decoupling network Matching network  
Case No. Series Parallel Shunt Series 
C = 0.657 pF L = 4.82 nH 
(a) C = 3.66 pF L = 1.86 nH 
L = 7.70 nH C = 0.876 pF 
C = 0.694 pF L = 4.98 nH 
B2 
 
(b) L = 0.106 nH C = 2.17 pF 
L = 8.53 nH C = 0.847 pF 
 
 
4.5.6. Example B3 
Table 4.9 gives the parameters of the array used in Example B3.  The array has a 
smaller inter-element spacing, as compared to Example B2. 
 
Table 4.9 Parameters of the array for Example B3. 
Operational frequency, 0f  2.45 GHz 
Wavelength, 0λ  0fc  = 122.4 mm 
Length of monopole, 0l  4/0λ  = 30.6 mm 
Diameter of monopole, d 40/0λ  = 3.06 mm 
Array element spacing, a 30/0λ  = 4.08 mm 
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Similarly, Table 4.10 shows the admittance parameters of the original and decoupled 
array.  Table 4.11 summarizes the possible decoupling and matching network 
configurations.  Figure 4.15 gives the topology of the network. 
 
Table 4.10 Admittance parameters of the array (Example B3). 
Original array Decoupled array 
°−∠= 9.86237.011Y  °−∠= 8.1600615.0
~
11Y  
°∠= 7.91117.012Y  0
~
12 =Y  
 
 
Table 4.11 Decoupling and matching network configurations (Example B3). 
Decoupling network Matching network  
Case No. Series Parallel Shunt Series 
C = 0.722 pF L = 5.00 nH 
(a) C = 8.64 pF L = 0.908 nH 
L = 9.08 nH C = 0.843 pF 
C = 0.733 pF L = 5.15 nH 
B3 
 
(b) L = 0.128 nH C = 4.47 pF 
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4.6. Analytical solutions for array with more elements 
It would be desirable to formulate an analytical concept for the decoupling network.  
Mathematica was used to study the feasibility of obtaining a theoretical model [24, 
25].  For a M-element array (M = 3 to 6), orthogonal eigenvectors and eigenvalues 
from a generalized admittance matrix with Yij as its elements can be obtained.  It was 
found that for M = 3, 4 and 6, simple orthogonal eigenvectors and eigenvalues were 
obtained.  However, for M = 5, complicated expressions in terms of Yij were obtained.  
Appendices D to G contain the program code for arrays with three to six elements.  
Solving for arrays with more than six elements was beyond the computational 
resources available. 
 
Since the eigenvalues and eigenvectors of arrays with more than three elements can 
be obtained, this implies that these arrays can be decoupled theoretically, through the 
eigenmode approach.  However, it should be noted that configurations of the 
decoupling network might be different from the generalized network for a 3-element 
array.  The focus of this thesis is on a 3-element array.  More work has to be done to 




This chapter has described two designs to decouple a 3-element array.  One design 
involves modification to the array element length while the other is a generalized 
method that can be applied to any array with complex admittance parameters.  Two 
different analysis techniques were also discussed, namely the eigenmode and network 
analyses.  Examples were included to illustrate the use of the two types of analysis.  
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The chapter also gives a brief discussion on the analytical solutions for arrays with 
more than three elements.  More research has to be done on the configuration of the 
decoupling network for these arrays. 
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CHAPTER 5 
DECOUPLING NETWORK IMPLEMENTATION 
 
5.1. Introduction 
This chapter describes ways to realize the lumped decoupling elements.  It discusses 
the use of Kuroda’s identities to transform the ideal elements into realizable forms in 
microstrip or stripline.  Design considerations on the practical implementation of the 
decoupling network are also presented.  A discussion on the use of interdigital 
capacitors in the decoupling network is included. 
 
5.2. Realization of lumped elements 
To implement the decoupling and matching networks, the ideal lumped capacitors and 
inductors have to be converted to realizable forms.  One convenient way of realizing 
the decoupling and matching networks is in microstrip or stripline.  The capacitors 
and inductors are implemented as microstrip or stripline stubs.  Kuroda’s identities 
[26 – 29] are applied to transform the lumped components into microstrip or stripline 
stubs. 
 
5.2.1. Kuroda’s identities 
Kuroda’s identities form a set of equivalences for impedance inversion [26].  Figure 
5.1 shows all the Kuroda’s identities.  The circuits shown in Figure 5.1 are equivalent 
with respect to their ABCD matrices.  These identities make use of a unit element 
(U.E.) that has impedance inversion properties.  For example, a series inductance 
followed by a unit element is equivalent to a parallel capacitance preceding a unit 
element. 
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In [26] and [27], the unit element is defined as a quarter-wavelength transmission line.  
However, the unit element in [28] is taken as 1/8 of a wavelength of transmission line.  
It was verified that both definitions are correct.  In fact, the latter [28] is a subset of 
the former [26, 27].  If 1/8-wavelength unit elements were used, the characteristic 
impedance of some of the microstrip lines would not be equal to 50 Ω after 
application of Kuroda’s identities.  In contrast, using quarter-wavelength unit 
elements results in a consistent characteristic impedance of 50 Ω for all the microstrip 
lines.  Therefore, this definition of a unit element as a quarter-wavelength line was 
adopted in all investigations. 
 
 
Figure 5.1 Kuroda’s identities [26]. 
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5.2.2. Realization of series inductors 
To realize a series inductor, Kuroda’s identity, as shown in Figure 5.2, is applied to 
transform it to a shunt capacitor.  The resulting shunt capacitor can easily be 
implemented as an open-circuited microstrip stub, with the electrical length ocθ  of the 
stub given by 
    ( )01tan CZlococ ωβθ −== .   (5.1) 
Here λ
πβ 2=  is the phase constant, ω  is the angular frequency, C is the capacitance 



































Figure 5.2 Kuroda’s identity applied to a series inductor. 
 
To illustrate the process of transformation, Figure 5.3 shows a breakdown of the steps 
involved in the transformation of a series inductor to a shunt capacitor, using 
Kuroda’s identity.  It is well known that insertion of half a wavelength of transmission 
will not affect the impedance of the network.  Hence, a section of half-wavelength 
transmission line is added to the series inductor.  This section of transmission line 
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provides the unit element required for Kuroda’s transformation.  The resulting shunt 































Figure 5.3 Steps involved in the transformation of a series inductor. 
 
5.2.3. Realization of series capacitors 
From Figure 5.1, it can be observed that the transformation of a series capacitor will 
result in another series capacitor and a transformer.  Hence for a series capacitor, 
Kuroda’s identity cannot be applied directly.  Instead, the series capacitor first needs 
to be transformed to its equivalent (negative) series inductor.  Kuroda’s identity can 
then be applied to convert the resulting (negative) series inductor to a shunt capacitor.  
The shunt capacitor is then realized as a shunt stub.  The steps taken to realize a series 
capacitor are summarized in Figure 5.4. 
 
 



























Figure 5.4 Steps to realize a series capacitor. 
 
5.2.4. Realization of shunt inductors and capacitors 
A shunt inductor is simply realized as a shunt short-circuited stub to ground.  The 
electrical length of the stub can be computed from 









Ll scsc ωβθ .   (5.2) 
 
Shunt capacitors are realized as shunt open-circuited stubs.  The electrical length of 
the stub is given by equation (5.1).  In practice, a short-circuited stub is preferred to 
an open-circuited stub because it is more feasible and realistic to have a short circuit 
than to have an ideal open-circuit.  An open-circuited stub is easily converted to a 
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short-circuited stub by adding an additional quarter-wavelength line to the open-
circuited stub, so that 
    
2
πθθ ±= ocsc .    (5.3) 
 
5.2.5. Summary of realization of ideal components 
Table 5.1 summarizes the realization of the ideal capacitors and inductors as 
microstrip stubs, with the corresponding equations required for the transformations. 
 




















































1 πωθ ±= − CZsc
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5.3. Preservation of symmetry in decoupling network 
The preservation of symmetry is vital for the series components in the parallel section 
of the decoupling network.  Experiments have shown that unless symmetry is 
preserved, the array would not be decoupled.  For an inductor in the parallel section of 
the decoupling network, symmetry is maintained by representing the inductor as two 
separate inductors in series, each with inductance value half of that of the original 
inductor, as shown in Figure 5.5.  A capacitor in the parallel section of the decoupling 
network is first converted to its equivalent (negative) inductance.  The resulting 
equivalent inductor is then implemented with two (negative) series inductors, each 
with half the original inductance.  In addition, for symmetry to hold in the parallel 
section of the decoupling network, unit elements on each side of the component must 












































































Figure 5.5 Transformation for inductor to maintain symmetry. 
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5.4. Interdigital capacitors as series capacitors 
Besides transforming a series capacitor into its equivalent (negative) inductor, series 
capacitors may also be realized as interdigital capacitors on microstrip.  A typical 
interdigital capacitor is as shown in Figure 5.6.  Figure 5.7 shows the low frequency 
equivalent circuit for a unit cell of two fingers of the interdigital capacitor, while 
Figure 5.8 shows the equivalent circuit for the whole interdigital capacitor with N 
fingers [30].   
 
From Figure 5.8, the shunt capacitances TC  and gC  can be combined as a single 
shunt capacitance pC , where gTp CCC += .  The single shunt capacitance is 
equivalent to a length of transmission line, l∆  [31].  Figure 5.9 illustrates the 
implementation of a series capacitor as an interdigital capacitor, taking into 














C1: capacitance per meter of each finger to ground
C2: mutual capacitance per meter between two fingers  
 







Cm: capacitance between two sets of fingers
Cg: capacitance of one set of fingers to ground
CT: capacitance of one terminal strip to ground  
 














Figure 5.9 Implementation of a series capacitor as an interdigital capacitor. 
 
Design equations for the interdigital capacitor were obtained from [30].  From the 
design equations, a set of design curves can be generated with the help of 
Mathematica.  Appendix H gives the program code needed to generate the design 
curves.  The number of fingers, finger length, width and spacing, and compensation 
length of the interdigital capacitor can then be obtained from the design curves.  
Interdigital capacitors have been used in both the decoupling and matching networks 
and have proved to be as effective as the use of stubs for the capacitors.  However, it 
should be noted that the finger width and spacing are relatively small and may incur 
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5.5. Conclusion 
This chapter discussed ways of realizing ideal lumped capacitors and inductors.  The 
use of Kuroda’s identities was illustrated.  Design considerations for the decoupling 
network were also described.  Interdigital capacitors were considered as possible 
candidates for the implementation of series capacitors. 





This chapter describes the construction of the array and its supporting structure, and 
the fabrication of the decoupling and matching networks.  Both microstrip and 
stripline designs were manufactured.  Measurement results confirm the theory, but a 
slight shift in frequency is observed. 
 
6.2. Construction of antenna hardware 
6.2.1. Specifications of array element 
In the theoretical modelling of the array, ideal cylindrical monopoles were used.  
However, these could not be used for practical mounting in the antenna structure.  
Modifications to the shape of the monopoles had to be done and the resulting new 
array was analyzed again to obtain its admittance parameters.  New decoupling and 
matching networks were then designed based on the parameters of the array with the 
new elements. 
 
Figure 6.1 shows a comparison between the ideal monopole and the modified 
monopoles.  Figures 6.1(b) and 6.1(c) show the proposed modified monopoles.  The 
length of the thicker section of the rod was chosen as a quarter of a wavelength.  The 
thinner section of the rod is for support and provides means of connecting the array 
elements to the decoupling and matching network.  The tapered design was at first 
preferred because it would present a gradual transition from the thinner core to the 
thicker core of the monopole.  However, the design was discarded due to difficulties 
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associated with the manufacturing of the tapered section.  Figure 6.1(c) is the final 
design of the array element manufactured.  Gold-plated brass rods were used to 






(a) (c)(b)  
 










Figure 6.2 Dimensions of the monopole manufactured. 
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6.2.2. Specifications of antenna support structure 
The supporting structure for the antenna consisted of a metal ground plate and a 
hexagonal metal block.  The ground plate was mounted on top of the metal block.  
The microstrip decoupling and matching network was mounted on the other side of 
the metal block.  The array elements were connected to the microstrip network via 
holes drilled through the metal.  These holes were lined with a ring of Teflon to 
insulate the antenna from the surrounding metal ground.  The array elements were 
then soldered onto the microstrip network.  Figure 6.3 shows a cross-section of a 















Figure 6.3 A cross-section of a monopole and the supporting structure. 
 
The thin section of the monopole and the ring of Teflon form a coaxial feed.  The 
diameters of the inner and outer conductors were chosen to yield a characteristic 
impedance of approximately 50 Ω so as to avoid a mismatch at the feed. 
  71  
 
The characteristic impedance 0Z  of a coaxial feed is given by 









 ,   (6.1) 
where rε  is the dielectric constant of the insulator, a and b are the diameters of the 
inner and outer conductors respectively.  The structure manufactured had dimensions 
a = 2 mm and b = 7 mm, and uses Teflon with a dielectric constant of rε = 2.1.  This 
gives a characteristic impedance 0Z = 52 Ω.  This is very close to 50 Ω and would not 
cause mismatch in the network. 
 
6.2.3. The complete array 
Figures 6.4 and 6.5 show pictures of the array elements and the supporting structure.  
The array elements are gold-plated brass rods.  The supporting structure is made of 
aluminium.  The circular plate acts as a large ground plane for the array.  Detailed 
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Figure 6.4 Picture showing the elements of the array. 
 
 
Figure 6.5 (a) Picture showing the top of the supporting structure. 
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Figure 6.5 (b) Picture showing the bottom of the supporting structure. 
 
6.2.4. Specifications of microstrip network 
Rogers (RT/duroid 5880) substrate with dielectric constant of rε = 2.2, a height of 31 
mil and loss tangent of 0.0009 was used for the microstrip decoupling and matching 
networks.  In designing the layout of the microstrip network, the lines were 
meandered to reduce the size of the overall network.  Meandering of the lines does not 
affect the performance of the network as long as the effective length of the curved 
lines is equivalent to the original length of the straight microstrip lines.  The spacing 
between adjacent lines was kept to at least one line width to limit coupling between 
them to negligible levels.  Figure 6.6 shows the layout of the decoupling and matching 
network fabricated.  Figure 6.6(a) shows the decoupling and matching networks as 
lumped components, where 9.11 =L nH, 65.72 =L nH, 49.020 =C pF and 
578.03 =C pF.  With the network parameters of the array obtained from HFSS 
simulations, the values of the decoupling and matching network components are 
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obtained as discussed in Chapter 4.  By applying the transformation as shown in 
Figure 5.3, 1L  can be transformed to 1C  with the help of unit elements (U.E.).  
Similarly, by applying the transformation given in Figure 5.5, the parallel component 
of the decoupling network can be transformed to 2C .  3C ′  is obtained by using the 
transformation shown in Figure 5.4.  After application of Kuroda’s transformation, the 
network shown in Figure 6.6(b) is obtained.  This gives a network that can easily be 
implemented in microstrip.  The microstrip layout is given in Figure 6.6(c).  The 
copper ring traces seen on the layout indicate the locations of the screws used to hold 
the structure together.  The network was mounted on the underside of the metal block 








































































Figure 6.6 (b) Network after Kuroda’s transformation for microstrip design. 
 
 
Figure 6.6 (c) Layout of the network for microstrip design. 
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Figure 6.7 Picture showing the fabricated microstrip network. 
 
6.2.5. Specifications of stripline network 
The decoupling and matching network was also implemented in stripline.  In this 
case, short-circuited stubs were replaced with open-circuited stubs.  This allows the 
placement of tuning screws at the end of each stub.  In the stripline design, two pieces 
of Rogers (RT/duroid 5880) substrate with dielectric constant of rε = 2.2, a height of 
31 mil and loss tangent of 0.0009 were used.  Figure 6.8 shows the layout of the 
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Figure 6.8 Layout of the network for stripline design. 
 
 
Figure 6.9 Picture showing the fabricated stripline network. 
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6.3. Results 
6.3.1. Verification of array element modelling 
The modelling of the array element was verified.  The array was connected to a 
microstrip network with 180° lines leading from the array elements to the 
measurement ports.  The measured results showed that theoretical modelling of the 
array element in HFSS software is accurate.  Figure 6.10 shows the comparison 







































S11 measured S11 theoretical
 





















S11 measured S11 theoretical
 
Figure 6.10 (b)  Comparison of measured and simulation 11S  results of the array. 





















S21 measured S21 theoretical
 





















S21 measured S21 theoretical
 
Figure 6.10 (d)  Comparison of measured and simulation 21S  results of the array. 
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6.3.2. Results of microstrip design 
The array with its decoupling and matching network was measured and the results 
were compared to those obtained from theoretical simulations.  Figure 6.11 shows the 
schematic drawing of the microstrip circuit that was analyzed in the commercial 
software, Advanced Design System (ADS) [32].  The circuit was optimized to give 
the required theoretical performance before the layout was generated and fabricated.  
The measured results in Figure 6.12 confirm the theory, although a slight shift in 
frequency is observed.  The shift in frequency response may be due to inaccuracies in 
the modelling of the discontinuity at the junction between the feed and the base of the 
monopole as shown in Figure 6.2, and losses in the microstrip lines were also not 
accounted for.  From the measured results, it is clear that the array has successfully 
been decoupled, since the array has a low value of 21S  (below –15 dB) over the 
frequency range considered.  The array is also matched, having a reflection coefficient 
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Figure 6.11 Schematic drawing of microstrip circuit in ADS. 



















S11 measured S11 theoretical
 

























S21 measured S21 theoretical
 
Figure 6.12 (b) Measured and theoretical 21S  results for microstrip design. 
  84  
 
6.3.3. Results of stripline design 
Figure 6.13 shows the schematic drawing of the stripline circuit that was analyzed in 
ADS software.  The circuit was optimized to give the required theoretical 
performance before the layout was generated and fabricated.  The measured results in 
Figure 6.14 confirm the theory, although a slight shift in frequency is observed.  This 
is due to the same reasons as for the microstrip case.  Tuning was carried out during 
the measurement of the array.  From the measured results, it is clear that the array has 
successfully been decoupled, since the array has a low value of 21S  (below –12 dB) 
over the frequency range considered.  The array is also matched, having a return loss 
of about –20 dB at the minimum of the 11S  curve. 
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Figure 6.13 Schematic drawing of stripline circuit in ADS. 



















S11 measured S11 theoretical
 

























S21 measured S21 theoretical
 
Figure 6.14 (b) Measured and simulation 21S  results for stripline design. 
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6.4. Applications of decoupled array 
The decoupled array has a narrow bandwidth of about 1%.  This narrow bandwidth 
filters away strong out-of-band interfering signals, and reduces mutual interaction 
with arrays in neighbouring frequencies.  Furthermore, several of these antennas with 
narrow bandwidth can be used to multiplex the whole system bandwidth, performing 
the function of a frequency multiplexer [33]. 
 
Theoretical simulations show that the decoupled array has a superdirective radiation 
pattern as shown in Figure 4.8.  This makes it applicable for direction-finding or 
beam-forming.  It increases the channel capacity and minimizes the power 
requirements, since the antennas operate only in the required directions, thus saving 
resources in directions when broadcast is not required.  Superdirective arrays can be 
also be used for adaptive nulling, where disturbances based on their angular 
distribution of incidence are adaptively rejected [33]. 
 
6.5. Conclusion 
This chapter described the construction of the array structure and fabrication of the 
decoupling and matching network.  Measured and theoretical simulation results were 
compared and presented for both the microstrip and stripline designs.  The results 
showed that decoupling and matching were achieved for the arrays manufactured. 




This project involved the development of design concepts for compact arrays with 
considerably reduced element spacing.  The reduced element spacing introduce strong 
mutual coupling between the array elements, which must be accounted for to ensure 
proper performance of the array.  Different ways of achieving decoupling between the 
array ports were investigated and presented in this thesis.  One way of decoupling 
involves modifying the length of the array elements.  This involves physical 
alterations to the dimensions of the array elements and is not preferred as it is more 
prone to errors and inaccuracies.  In this work, it was shown that an array with 
arbitrary complex mutual admittance might also be decoupled with the help of a 
lossless network, without having to modify the length of the antenna elements.  This 
method is preferred, since it provides complete freedom for the design of the radiating 
elements of the array.  Procedures for the design and realization of the decoupling 
network have been developed and verified with experimental results.  Future research 
can explore the design concepts for arrays with more than three elements, or more 
significant mutual coupling between the elements.  It may be also be interesting to 
explore the feasibility of wideband decoupling design concepts. 
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APPENDIX A 
PROGRAM CODE FOR EIGENMODE ANALYSIS 
 
This appendix contains a program code written in Mathematica software.  This 
program uses the eigenmode analysis to decouple an array with an arbitrary 
admittance matrix.  From the output of the program, it is shown that any 3-element 
array with generalized admittances can be analytically decoupled.  Although the 
analytical solutions of the components in the decoupling network run pages long, they 
are in terms of the array admittance parameters.  Numerical values of the admittances 
of the array can be obtained through IE3D simulations, and hence, numerical 
quantities can be assigned to the components in the decoupling network. 
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APPENDIX B 
PROGRAM CODE FOR NETWORK ANALYSIS 
 
This appendix presents the program code written in Mathematica software.  The code 
uses the network analysis to decouple an array with a generalized admittance matrix.  
Analytically solutions were obtained for the decoupling network.  These analytical 
solutions are in terms of the array admittance parameters.  Numerical values can 
easily be obtained once the array admittances are known. 
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APPENDIX C 
PROGRAM CODE FOR VERIFIYING EIGENMODE AND 
NETWORK ANALYSES 
 
This appendix contains a program code written in Mathematica software.  The code 
verifies that both the eigenmode and network analyses give the same decoupling 
network solutions.  Program codes in Appendices A and B need to be executed first 
before the program in this appendix can be run.  From the output of this program, it is 
clear that both the eigenmode and network analyses give the same decoupling solution 
because a subtraction of the two different solutions gives a zero output. 
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APPENDIX D 
PROGRAM CODE FOR 3-ELEMENT ARRAY 
 
This appendix contains the program code written in Mathematica software.  The code 
evaluates the eigenvalues and eigenvectors of a 3-element circular array with 
generalized admittance parameters. 
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APPENDIX E 
PROGRAM CODE FOR 4-ELEMENT ARRAY 
 
This appendix contains the program code written in Mathematica software.  The code 
evaluates the eigenvalues and eigenvectors of a 4-element circular array with 
generalized admittance parameters. 
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APPENDIX F 
PROGRAM CODE FOR 5-ELEMENT ARRAY 
 
This appendix contains the program code written in Mathematica software.  The code 
evaluates the eigenvalues and eigenvectors of a 5-element circular array with 
generalized admittance parameters. 
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APPENDIX G 
PROGRAM CODE OF 6-ELEMENT ARRAY 
 
This appendix contains the program code written in Mathematica software.  The code 
evaluates the eigenvalues and eigenvectors of a 6-element circular array with 
generalized admittance parameters. 
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APPENDIX H 
PROGRAM CODE FOR INTERDIGITAL CAPACITORS 
 
This appendix contains the program code written in Mathematica software.  The code 
uses the design equations in [30] to produce a set of curves for the design of 
interdigital capacitors. 
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APPENDIX I 
CAD DRAWINGS OF THE ARRAY STRUCTURES 
 
This appendix contains the CAD drawings of the array structures manufactured for 
both microstrip (Part ID: PT-Hexaround) and stripline (Part ID: PT-Hexatuning) 
designs. 
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